The codon preference plot is useful for locating genes in sequenced DNA, predicting the relative level of their expression and for detecting DNA sequencing errors resulting in the insertion or deletion of bases within a coding sequence. The three possible reading frames are displayed in parallel along with the open reading frames and plots of the location of rare codons in each reading frame.
INTRODUCTION
Due to the degeneracy of the genetic code, most amino acids are specified by more than one codon (synonomous codons). Synonomous codons are not used at equal frequencies, their relative frequency varying with both the gene and the organism (1, 2, 3, 4, 5) . In yeast and E. coli, and presumably in other organisms, there is a strong correlation between the frequency of a codon and the abundance of the corresponding tRNA (6, 7) . In E. coli, genes of highly expressed proteins, e.g. ribosomal proteins or major outer membrane proteins, use codons corresponding to the most abundant tRNAs almost exclusively (6, 7, 8, 9) . This is thought to be due to a need for efficient translation of RNAs of abundant proteins (10) . Proteins expressed at a low level, e.g. lac repressor, use synonomous codons in rough proportion to the abundance of the corresponding tRNAs, resulting in a smaller, codon preference (1) . In contrast, non-coding regions of E. coli DNA show no pronounced preference for any trinucleotide.
This difference of codon usage between genes and non-genes has been used to identify coding frames in DNA sequences. The method we present here is similar to that of Staden and McLachan (11) , but has several advantages over their technique.
CONSTRUCTION OF CODON PREFERENCE PLOTS
The codon preference plot is constructed by calculating a codon preference statistic for each position of each of three reading frames. The statistic is calculated over a window of length w and the window moved along the sequence in increments of three bases, maintaining the reading frame. The magnitude of the codon preference statistic is a measure of the likeness of a particular window of codons to a predetermined preferred usage (see below, codon frequency tables).
In addition to the codon preference statistic, two other types of relevant information are shown. The locations of open reading frames starting with AUG codons are plotted on the same scale as the codon preference statistic. The location of rare codons are plotted in parallel to this plot.
Non-coding regions usually have a high incidence of rare codons, those whose usage makes up 5% or less of the synonomous family, but coding regions, even those of weakly expressed genes, have a much lower incidence of rare codons.
Calculation of the Codon Preference Statistic We will consider two frequencies in our analysis: the frequency of a single codon, which we will denote by a lower case letter, and the frequency of all the codons for an amino acid (synonomous family), which will be denoted by a capital letter. where 1 and 2 refer to the frequencies in the two genes of interest, and the sum is taken over all codons. When an entire synonomous family of codons was lacking in one gene, these codons were omitted from the sum.
In this way, a group of genes with similar codon usage was found. This group corresponds to the "highly expressed" group of Grantham (3) and includes the E coli lamB, lpp, ompA, ompF, recA, rplA, rplK, rpoB, rpoC, rpsA, tufA, tufB, and uncA and the Erwina amylovora and Salmonella typhimurium lpp genes.
These genes all show a disproportionate use of codons corresponding to the most abundant tRNAs. We therefore consider the pooled table of codon frequencies from this group to be characteristic of optimal codon usage.
When this "highly expressed" tables assembled from small numbers of genes or from moderately expressed genes can be used. Fig. 1 shows a plot for the yeast triose phosphate isomerase gene (13) in which the codon frequency table is made up only of the !3. cerevisiae histone H2al, H2a2, H2bl, H2b2, and HIS4 genes.
USE OF CODON PREFERENCE PLOTS
The most obvious use of codon preference plots is to determine the location of genes in a DNA sequence. When the window length w is the length of the gene an overall codon preference statistic can be calculated for the entire gene. This overall codon preference statistic is similar to those calculated by others (4,7), and is apparently a function of the maximum level of expression of the gene. Our statistic differs from others in assigning a range of values to the codons rather than simply 1 or 0 for "preferred" vs "unpreferred". As shown in Table   1 , the overall codon preference statistic for strongly expressed genes such as ribosomal protein genes (rpsU, rpsA, rplL, rplJ) or membrane protein genes 
DISCUSSION
Several techniques for locating protein coding sequences within DNA sequences have been described (11, 22, 23, 24) . Of these the methods of Staden The codon preference plot described here locates highly and moderately expressed genes very well. Its performance with weakly expressed genes is, in one sense, less satisfying. Since the codon preference statistic is small for weakly expressed genes, they are more difficult to distinguish from non coding regions. We have found, nonetheless, that for most weakly expressed genes (e.g., dnaG, lad) there is little difficulty in determining the coding region. We believe the prediction of expression level is worth the increased difficulty in distinguishing weakly expressed genes from non-genes.
HARDWARE AND SOFTWARE
Computer analysis was performed on a Digital Equipment Corporation VAX computer using the VMS operating system. The programs were written in FORTRAN-77 using a library of procedures provided by the University of Wisconsin Genetics Computer Group (UWGCG) (25) . Plots were produced by a Hewlett-Packard 7221T plotter under software control. The second author should be contacted for information about the installation of this program or the entire UWGCG software package on other VAX computers.
